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Magnetic charge propagation in bulk frustrated materials has yielded a paradigm-shift in science, 
allowing the symmetry between electricity and magnetism to be studied. Recent work is now 
suggesting magnetic charge dynamics upon the spin-ice surface may have important implications 
in determining the ordering and associated phase space. Here we detail a 3D artificial spin-ice, a 
3D nanostructured array of magnetic islands which captures the exact geometry of bulk systems, 
allowing field-driven dynamics of magnetic charge to be directly visualized upon the surface. 
Using magnetic microscopy, we observe vastly different magnetic charge dynamics along two 
principle directions. These striking differences are found to be due to the surface-termination and 
associated coordination which yields different energetics and interaction strengths for magnetic 
charges upon the surface.  
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The concept of magnetic monopole transport within a condensed matter setting has captivated 
scientists, allowing established theory [1] to become an experimental realization [2-4] within the 
bulk pyrochlore systems known as spin-ice [5]. In these three-dimensional (3D) systems, rare earth 
spins are located upon corner-sharing tetrahedra, and energy minimisation yields a local ordering 
principle known as the ice-rule, where two spins point into the centre of a tetrahedron and two 
spins point out. Representing each spin as a dimer, consisting of two equal and opposite magnetic 
charges (±𝑞), is a powerful means to understand the physics of spin-ice [5]. Using this description, 
known as the dumbbell model [1], the ice-rule is a result of charge minimisation, yielding a net 
magnetic charge of zero in the tetrahedra centre ( 𝑄 = ∑ 𝑞&& = 0). Then the simplest excitation 
within the manifold produces a pair of magnetic charges (∑ 𝑞&& = ±2𝑞) which, once created, can 
propagate thermally and only at an energy cost equivalent to a magnetic analogue of Coulomb’s 
law. The energy scale for the production of monopoles upon the spin-ice lattice is controlled by 
the chemical potential (µ), which is governed by properties intrinsic to the material such as lattice 
constant and magnetic moment [6]. Canonical spin-ice materials have a chemical potential that 
places them in a weakly correlated regime where only a small fraction of bound monopole-
antimonopole pairs are found. Recent theoretical work has studied the ordering of magnetic 
charges upon cleaved spin-ice surfaces, perpendicular to the [001] direction [7]. In such systems, 
the orphan bonds upon the surface are found to order in either a magnetic charge crystal or 
magnetic charge vacuum, depending upon the scales of exchange and dipolar energies [7]. 
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Fig. 1: A 3D Artificial spin-ice. (A) Schematic of a 3D artificial spin-ice system. The surface L1 layer (red) 
terminates with bipods, with projection along [𝟏𝟏𝟎] as depicted in red. Below this, the L2 (blue) and L3 
layers (green) can be seen. (B) A false colour scanning electron microscopy image of the 3D artificial spin-
ice lattice. Scale bar is 20µm. (C) A false colour scanning electron microscopy image showing the L1 (red) 
and L2 (blue) sub-lattices. Scale bar is 1µm. (D) Atomic force microscopy image of the 3D artificial spin-ice 
system. Scale bar is 2µm. (E) Possibilities for creating magnetic charge close to the surface. (F) The possible 
states and associated magnetic charge that be realised at four-way and two-way junctions.  
 
Recent experimental work is now hinting at the presence of a surface-driven phase transition 
predicted by such theory [8], but the transport of magnetic charge across such surfaces has not 
been considered previously. The arrangement of magnetic nanowires into two-dimensional lattices 
has recently shown to be a powerful means to explore the physics of frustration and associated 
emergent physics. These artificial spin-ice (ASI) systems [9-15], where each magnetic nanowire 
behaves as an effective Ising spin, have recently yielded an experimental realisation of the square 
ice model [16] and have also been used to study the thermal dynamics of monopoles in the context 
of Debye-Hückel theory [17]. Controlled formation of magnetic charge is an exotic means to 
realise advanced multistate memory devices. Such concepts have been shown in simple 2D lattices 
using magnetic force microscopy (MFM) [18]. The extension of artificial spin-ice into true 3D 
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lattices that capture the exact underlying geometry of bulk systems is paradigm-shifting, allowing 
the exploration of ground state ordering and magnetic charge formation in the bulk as well as upon 
the surface. The production of 3DASI systems harbouring magnetic charge also allows marriage 
with advanced racetrack device concepts [19,20]. 
 
In this study, we use state-of-the-art 3D nanofabrication and processing in order to realise a 3DASI 
in a diamond-bond 3D lattice geometry, producing an artificial experimental analogue of the 
originally conceived dumbbell model [1]. Magnetic force microscopy (MFM) is then harnessed to 
image the formation and propagation of magnetic charge upon the 3D nanowire lattice. Figure 1a 
shows a schematic of the 3DASI, which takes a diamond-bond geometry. The 3DASI is continuous 
for four layers (L1, L2, L3, L4) into the z-direction and terminates on the upper surface with 
connected bipod structures along the [110] direction (L1 sub-lattice, Red in Fig. 1a) [21]. The 
overall array size is approximately 50 µm x 50 µm x 10 µm as seen in the scanning electron 
microscopy (SEM) image (Fig. 1b). A higher magnification image, clearly showing the L1 (Red) 
and L2 sub-lattices (Blue) can be found in Fig 1c. The topography of the upper three layers can be 
measured using atomic force microscopy (AFM) as shown in Fig 1d.  
The surface of the 3DASI lattice provides interesting possibilities with respect to magnetic charge 
creation and transport as shown schematically in Fig 1e. Starting with a state fully magnetised 
along [110] and applying a magnetic field above a critical value leads to the nucleation of a domain 
wall (DW) (Fig 1e top-left) which carries a mobile magnetic charge of magnitude ±2q. When 
reaching the L1/L2 junction (Fig 1e top-right), the effective vertex magnetic charge becomes 
Q=+2q. A further increment in magnetic field leads to the L1/L2 junction emitting another DW 
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(Fig 1e, bottom) and when this wire is fully switched a surface magnetic charge state of Q=+2q is  
realised. Note that a field applied along [1.10], with a projection along the L2 sub-lattice produces 
only magnetic charges at four-way junctions (Fig S1). 
Figure 2: Direct imaging of magnetic charge upon a 3D artificial spin ice system. (A) Magnetic 
force microscopy image taken after saturation along the [110] direction and then an increment of 
8.50mT applied in the reverse direction. Associated arrow maps illustrating magnetisation profile are 
on right of each image. All scale bars are 2µm. (B-E) Further magnetic force microscopy images 
showing the propagation of magnetic charge along the L1 sub-lattice. (F) Image taken after saturation 
along [1.10] and a field increment of 6.75 mT applied in the reverse direction. (G-J) Further images 
showing the separation of magnetic charge pairs. (K) Number of magnetic charges for L1 sub-lattice 
data. (L) Number of magnetic charges for L2 sub-lattice data. (M) Net magnetic charge for L1 (blue) 
and L2 (red) summarising the striking differences in monopole nucleation upon the two sub-lattices.  
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Overall, a 3DASI surface can store effective magnetic charge magnitudes of ±4q, ±2q and 0 as 
summarised in Fig 1f.  
 
Figure 2 shows snapshots (full data can be found in Fig S3) of the switching process for the upper 
two layers of the lattice along L1 and L2 layers, corresponding to field directions along  [110]  
and [1.10] respectively. Here each island corresponds to a bipod on the lattice, as defined in Fig. 
1d. Figure 2a shows an MFM image within the array after application of 8.5 mT, the field required 
to yield initial switching along this direction. Though much of the array remains saturated with a 
component along the positive x-direction, six wires (three bipods) have switched yielding two 
monopole states, each with charge -2q (Monopoles 1,2), readily identified with their increased 
contrast. In both cases, the monopoles are found at the intersection between L1 and L2. Further 
field increments yield additional chains of wires switching (Fig. 2b-d), with a further two negative 
monopoles (Monopoles 3, 4) residing at the L1/L2 junction, after which L1 reaches saturation 
within the sampled area (Fig. 2e).  
Fig. 2f shows an MFM image measured after the array had been saturated with negative y-
component along [1.10] , and a field of 6.75 mT applied in the reverse direction (full data can be 
found in Fig S4). Seven monopoles can be immediately seen (Monopoles 5-11), six of which seem 
to have appeared in pairs of ±2q. Here, five monopoles reside upon the L1/L2 junctions, whilst the 
remaining two reside upon L2/L3 junctions.  Additional field increments lead to the creation of 
further monopoles (Monopoles 12-18), whilst others move along the L2 nanowires or propagate 
out of the measured area (Fig. 2g-2j).  
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The differences in monopole formation upon 
the L1 and L2 sub-lattices are striking. 
Application of an external field with 
component along L1 yields few uncorrelated 
magnetic charges (Fig 2k) within the 
measured region, which seem to only be 
observed within a very narrow field window 
(8 mT - 10.5 mT). Of particular note is the 
absence of surface bipod charges during the 
switching process. On the contrary, the L2 
switching leads to nucleation of many 
correlated pairs yielding almost equal 
numbers of positive and negative magnetic 
charges (Fig 2l), meaning the net charge is 
close to zero throughout the field range (Fig 
2m). Furthermore, the magnetic charges are 
formed at a lower field (6.5mT) and remain 
for a wide field range (6.5mT – 10.75mT).  
 
Calculating the total energy density of every 
possible vertex state (Fig S7) is an insightful 
exercise and provides some initial 
understanding of the system. Here it can be 
Figure 3: Simulating the monopole dynamics upon 
a 3D artificial spin-ice. (a-c) Arrow maps showing 
magnetisation configuration with field applied along [110]. (d-f) Arrows maps for field applied along [1.10] resulting in highly correlated monopole pairs. 
(g) Fraction of excited states for L1 (blue) and L2 
(red).  
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seen that the surface bipod monopole formation energy density is 3.2 times higher than that of a 
monopole at a four-way junction suggesting such surface charges will be very unfavourable. To 
solidify these considerations, we carry out Monte-Carlo (MC) simulations based upon a dumbbell 
model (See methods). This is carried out for varying surface energetic factor (a, see methods). 
 
Fig 3a-c shows the results of MC simulations performed with enhanced surface energetics (a=6.4) 
for field applied along L1 projection (See supp note 1 for discussion of  a value). Upon the 
threshold of switching (Fig 3b), chains of islands switch upon the L1 sub-lattice producing 
uncorrelated monopoles and long Dirac strings as seen in the experimental data, before the 
majority of the array becomes saturated (Fig 3c). Critically, charges upon surface bipods are now 
very rare, which is in agreement with experiment. Fig 3d-f shows MC simulations for the field 
aligned along the L2 projection. Here, low field immediately produces large numbers of correlated 
monopole-antimonopole pairs (Fig 3e), separated by a single lattice spacing, closely aligned with 
the experimental data. Fig 3g summarises the simulation results by showing the fraction of excited 
states obtained upon L1 and L2, showing excellent qualitative agreement with experiment. Further 
details of L3 and L4 sub-lattice switching can be found in supplementary note 2. 
 
 
It is now instructive to quantify the extent to which monopoles remain correlated by defining a 
reduced chemical potential 𝜇∗ = 𝜇/𝑢, where 𝑢 = 𝜇3𝑄4/4𝜋𝑎. We note that when this value 
approaches half the Madelung constant (For diamond lattice, M/2=0.819) [24], a highly correlated 
monopole crystal is energetically favorable and hence may be expected as a metastable state during 
the field driven dynamics. Within a simple dipolar model, we calculate (See methods)  𝜇∗ ≈ 6 for 
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four-way junctions upon L2, which is close to values seen in simple layered structures [17]. Now 
assuming surface energetics forbids magnetic charges upon surface bipods and calculating the 
effective chemical potential to produce a monopole over an L1 bipod, we obtain a value of 𝜇∗ ≈26 overall yielding a large fraction of uncorrelated charges. Hence it is the difference in effective 
chemical potentials, driven by surface energetics that creates the striking differences in monopole 
dynamics upon the lattice. We anticipate that our study will inspire a new generation in artificial 
spin-ice study, whereby chemical potential within 3D nanostructured systems is intricately 
controlled in order to yield desired magnetic charge dynamics. Ultimately, this may also yield the 
realisation of novel monopole crystals as predicted in bulk spin-ice [24].  
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